The timely estimation of short-and long-term volcanic hazard relies on the availability of detailed 3D geophysical images of volcanic structures. High-resolution seismic models of the absorbing uppermost conduit systems and highly-heterogeneous shallowest volcanic layers, while particularly challenging to obtain, provide important data to locate feasible eruptive centers and forecast flank collapses and lava ascending paths. Here, we model the volcanic structures of Mt. Etna (Sicily, Italy) and its outskirts using the Horizontal to Vertical Spectral Ratio method, generally applied to industrial and engineering settings. The integration of this technique with Web-based Geographic Information System improves precision during the acquisition phase. It also integrates geological and geophysical visualization of 3D surface and subsurface structures in a queryable environment representing their exact threedimensional geographic position, enhancing interpretation. The results show high-resolution 3D images of the shallowest volcanic and feeding systems, which complement (1) deeper seismic tomography imaging and (2) the results of recent remote sensing imaging. The study recovers a vertical structure that divides the pre-existing volcanic complexes of Ellittico and Cuvigghiuni. This could be interpreted as a transitional phase between the two systems. A comparison with recent remote sensing and geological results, however, shows that anomalies are generally related to volcano-tectonic structures active during the last 17 years. We infer that seismic noise measurements from miniaturized instruments, when combined with remote sensing techniques, represent an important resource to monitor volcanoes in unrest, 1 reducing the risk of loss of human lives and instrumentation.
methods based on coherent-wave propagation are affected by site effects, highly-reflective 23 topography, and complex 3D propagation effects. These corrupt both seismic phases and 24 amplitudes, which are better described by stochastic models and resonance [Neuberg and 25 Pointer, 2000; Wegler, 2003; De Siena et al., 2014 . A full 3D imaging of these Earth 26 layers is hindered by the lack of a dense seismic network, with node spacing of the order of 27 e. g. 250 m [Kiser et al., 2016] ; this lack is due to the elevated economic costs, installation 28 difficulty, high level of risk for operators when installing standard seismic stations, and 29 has been used as a valid argument for the development of alternative geophysical imaging 30 techniques in volcanoes [Carbone et al., 2014] .
31
In this study, we try to close the gap between deep travel-time tomography imaging, sur-32 face geomorphology information, and shallow feeding systems modelling, using the Horizon-33 tal to Vertical Spectral Ratio (HVSR) method integrated with the Geographic Information 34 System (GIS). The HVSR technique uses seismic ambient noise data recorded at a single 35 station and has been developed in the framework of civil engineering to study resonance fre-36 quencies of buildings [Nakamura, 1989; Parolai et al., 2002] . The method has already been 37 used in Earth subsurface imaging, with applications spanning from the characterization of 38 thermal basins [Galgaro et al., 2014] to the study of lateral heterogeneity in small alluvial 39 valleys [Chávez-García and Kang, 2014] . Surface waves (the main constituents of ambient 40 noise) can reveal novel information about the structure of the volcanic edifice [Neuberg and Remote sensing is an important alternative to seismic imaging when investigating the 49 shallowest volcanic crust. Using DInSAR and GPS data to study ground deformation, it 50 was possible to locate in space and time the position of the dike that produced the 2008 51 eruption of Mt. Etna [Currenti et al., 2011] . Using GIS in combination with the HVSR 52 method opens a path (1) to see beyond the shape and dimensions of the structures, for an 53 improved correlation with geomorphological information; (2) to locate anomalies in space 54 exactly and perform query to measure relevant quantities like volume, size, and extension 55 of the anomalies [Barreca et al., 2013] ; (3) to precisely overlap any kind of map (thermal, 56 tectonic, geological, tomographic, etc.), constraining the interpretation of the seismological 57 results [De Siena et al., 2016] . Mount Etna is one of the most studied volcanoes in the 58 world, thus the perfect laboratory to test new methods to image the uppermost part of 59 volcanic cones, with the aim of better predicting future shallow magma ascending path.
60
The experiment of joint seismic and GIS data acquisition as well as the feasible automation West and an area of about 1200 km 2 .
Figure 1: Geological-structural sketch of eastern Sicily from Patanè et al. [2006b] . The legend in the lower left panels marks with (1) the main tectonic lines and (2) the main faults. The Etnean area and its topography are highlighted using contour lines.
Nur, 1999] as well as the major contributor to the volcano feeding system through an as-79 thenospheric window [Lanzafame and Bousquet, 1997] . The western sector, named by Patanè 80 et al.
[2006b] "Domain a" (Fig. 2) , is characterized by faults and fractures with a prevalent 81 NE-SW direction. The intersection of "Domain a", comprising NE-SW-oriented structures,
82
and "Domain b" (Fig. 2) , comprising NW-SE-oriented structures, creates discontinuities 83 that are considered the main cause of magma uprising to the main craters [Patanè et al., 84 2006b]. 
Instruments and Data

86
In this study, we combine geophysical techniques with information and communication station, which was moved in space in order to apply the HVSR technique. As ICT and 89 remote sensing, we used a GIS environment, a tablet PC, and a GPS antenna. 37.71 and 37.75 latitude N, spanning altitudes between 2281 m and 3265 m a.s.l. (Fig. 3 ).
98
The area was subsequently subdivided into 22 W-E oriented lines and 9 S-N oriented (Fig. 4) .
103
To allow us to be more accurate on reaching the measurement points we was then uploaded to a server in order to obtain a WebGIS, which is a combination of the 108 WEB standards with geographic information system [Fu and Sun, 2010] . Hence, we were 109 able to use this online map operating on a portable device (tablet PC) and carry it to every 110 measurement point. Due to the risk of losing connectivity, the map was also downloaded 111 into the tablet local storage. 
Seismic data collection experiment
113
To reach the 161 points created during the setup phase we used a tablet PC with a CPU and Igarashi [1970, 1971] and also known as "Nakamura's method" [Nakamura, 1989] 
where V s is the shear wave velocity and "4H" is 4 times the depth of the contrast. Lermo
152
and Chávez-García [1994] and Dravinski et al. [1996] state that the method is valid in the 153 assumption that microtremors are composed by surface (Rayleigh) waves, which propagate 154 inside a surface layer over an infinite half-space. Nevertheless, data-driven studies generally 155 agree that the HVSR mainly reveal the fundamental (resonant) frequency of the shallow 156 structure beneath the investigation site [Field and Jacob, 1995; Lachet et al., 1996; Seekins 157 et al., 1996; Coutel and Mora, 1998 ].
158
The extension of the method to a stratified multi-layered system was given by Konno and 159 Ohmachi [1998] . Since then, the method has been considered reliable when the structures between the measurements and local geology.
179
In the acquisition of the relative H/V spectral ratios (Fig. 6) the lines created during the set up of the GIS workspace we obtain the related "ratiograms".
192
These HVSR functions are shown as a 2-dimensional contour plot versus frequency and time
193
(See Supplementary Fig. 1 ) and were created to check for the presence of transient signals,
194
which invalidate the assumption of noise stationarity. After removal of these transients we and distance (in meters - Fig. S2 ).
198
We obtain 31 vertical cross-sections, 9 S-N oriented with a length span between 2750m this value describes polygons corresponding a value equal and higher than 3.5 (Fig. 7A) . The 214 main angle direction of the polygons was calculated using the GIS tool "CalculatePolygon-
215
MainAngle". This calculates the dominant angles, i.e., the orientations of segments forming 216 the input polygon features that are measured most frequently. We then plot the segments 217 as yellow oriented vectors on the volcano-tectonic map of Etna made by Azzaro et al. [2012] ,
218
including the eruptive fissures, the pyroclastic cones, and the caldera rim (Fig. 7B) . ing into consideration the sum of the length of the vectors with the same orientation we 220 observe: (1) absolute vector maxima along the N-S direction; (2) two relative maxima along 221 the NE-SW and E-W directions. The NW-SE trend is the least represented.
222
After importing the polygons delineated by the contour line with H/V ratio equal and 223 higher than 3.5 in the 3D GIS environment, we gave them a vertical extrusion of 200 m,
224
filling the gap between layers. Fig. 8 shows a 3D image of the real geographic position of 225 the recognized structures from a pitch angle of 30 • (Fig. 8) . 
Results and Discussions
227
The results reveal three main anomalies: two are located South of the caldera rim ( Fig. 
228
7A2-3) while the third is inside it (Fig. 7A1) . Vectors orientations South of the old caldera 229 rim of the Ellittico volcano follow the N-S and NE-SW trends (Fig. 7B2-3) , differing from 230 those inside the caldera (Fig. 7B1) . These trends are related to fractures with the same 231 orientation, considered as preferential way for the magma uprise [Acocella and Neri, 2003 ].
232
The same orientations are drawn on the INGV tectonic map of Azzaro et al. [2012] by 233 pyroclastic cones and eruptive fissures. A similar spatial correlation is visible between all 234 the fissures post 1900 described by and both the polygon map (Fig. 9A) 235 and the vectors map (Fig. 9B) . on topography ( Fig. 8-2) . The high-H/V structures, however, are also in strong spatial 11) and discussed in the following sections. The correspondence between the recognized structures and the elements of the volcano-267 tectonic map is even more evident for the intermediate cluster (Fig. 13) . The resonant 268 structures between 2600 m and 2800 m a.s.l. are mainly located beneath both Monte 269 Figure 11 : Comparison between the recognized structures and previous studies.In detail, the eruptive vents were described by Acocella and Neri [2003] ; Behncke and Neri [2003] . dikes: D1 - [Acocella and Neri, 2003 ], D2 and D3 - [Aloisi et al., 2009 ], D4 - , D5 - [Bonforte and Guglielmino, 2015] . A1 marks the deformation area highlighted by [Acocella and Neri, 2003 ] while A2 is the Hypocenter location described by [Saccorotti et al., 2007] .
Frumento Supino and the eruptive vents opened at about 2790 m elevation during the formed the eruptive fissures and the vents 1, 2 and 7 described by Acocella and Neri [2003] 278 during the 2001 eruption, which coincide with the F1, F2 and F3 vents described by Behncke 279 and Neri [2003] (Fig. 14) . The above-mentioned structures also depict the intrusion that [Bonforte et al., 2007] . Finally, in the area of Voragine (VOR) and Bocca
288
Nuova (BN), both parts of the central crater, the model reconstructs the body that causes 289 the seismicity analyzed by Saccorotti et al. [2007] (Fig. 14) .
290
We conclude that our results reconstruct the shallowest feeding systems of Etna. In the Comparison between the recognized structures in the northern cluster and previous studies.The eruptive vents were described by Acocella and Neri [2003] ; Behncke and Neri [2003] . Regarding the dike:
D1: [Acocella and Neri, 2003 ], D2 and D3: [Aloisi et al., 2009] , D4: , D5: [Bonforte and Guglielmino, 2015] . The A1 indicates the deformation area highlighted from [Acocella and Neri, 2003] while the A2 is the area where hypocenters are located by Saccorotti et al. [2007] .
ics. Repeating the survey in a different time period is a necessary step to (1) confirm the 
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